Spin-orbit coupling near the surface of a ferromagnetic metal gives rises to spin-to-charge conversion with symmetry different from the conventional inverse spin Hall effect. We have previously observed this spin galvanic effect with spin rotation symmetry (SGE-SR) in a spin valve under a temperature gradient. Here we show there are two processes that contribute to the SGE-SR, one of which is sensitive to the free magnetic layer thickness, while the other only depends on the interface of the free layer. Based on the free-layerthickness-dependent study, we extrapolate the spin diffusion length of Py to be 3.9 ± 0.2 nm. We also propose that the SGE-SR can help to quantitatively study the spin Seebeck effect in metallic magnetic films.
Spin-charge interconversion enabled by spin-orbit coupling SOC has been intensively studied in nonmagnetic materials (NM) [1] [2] [3] .It has been shown that an in-plane charge current in a ferromagnetic material (FM)/NM bilayer can generate a spin-orbit torque, which can switch the FM magnetization 4, 5 ,drive magnetic auto-oscillations at microwave frequencies 6, 7 , and move magnetic domain walls and skyrmions [8] [9] [10] .The spin galvanic effect (SGE) in the FM/NM bilayer has potential applications in thermo-electric converters 11 , and terahertz pulse emitters 12 , where spin currents generated by heat and femtosecond laser pulse, respectively, are converted into electric fields by SOC in the NM. In these two effects, the spin-charge interconversion is often thought to take place in the NM, which is typically a heavy metal such as Pt and Ta. The spin-charge interconversion in the NM generally follows symmetry such that the charge current, spin current and spin polarization are all orthogonal with each other 13 . Recently, we have discovered a magnetizationdependent spin-charge interconversion near the surface of a FM, in which the spin polarization is transverse to the magnetization 14 . We refer to this magnetizationdependent SGE as the SGE with spin rotation symmetry (SGE-SR), as the effect is rotated with respect to the conventional SGE (SGE-C). In this letter, we investigate the FM thickness-dependence of the SGE-SR in a spin-valve structure.We show that there are two contributions to the measured signals, one of which depends on the spin diffusion length of the FM, and the other is independent of the FM thickness. Our findings provide a comprehensive understanding of the heat-driven SGE-SR experiment with metallic ferromagnet and will pave a) Author to whom correspondence should be addressed.; Electronic mail: xin.fan@du.edu the road for future investigation of spin-orbit effects in magnetically-ordered systems.
The SGE-SR is illustrated in Fig. 1(a) .When a spin current(Q σ )with spin polarization (σ)transverse to the magnetization (m) of a FM is injected into the FM, it is usually assumed that the transverse spins undergo fast precession and dephasing due to the exchange interaction. The dephasing quickly transfers angular momentum from transverse spins to the magnetization, which generates the well-known spin transfer torque 15 . However, this model neglects the effects of SOC. When SOC is taken into account, based on symmetry we expect the spin current to generate an in-plane charge current that can be decomposed into j e with the SGE-C symmetry and j R e with the SGE-SR symmetry 14 .
where θ and θ R are unitless spin-to-charge conversion coefficients for the SGE-C and SGE-SR, respectively, e is the electron charge and is the reduced Planck constant.
The generation of the SGE-SR in the FM can be phenomenologically understood by the spin rotation picture. As discussed earlier, transverse spin rotates around magnetization, giving rise to an average spin component in the direction of σ×m. The SOC acting on this spin component can give rise to the j interface spin precession is illustrated in Fig.1(b) . As an electron crosses the FM/NM interface, it experiences an effective magnetic field due to the Rashba SOC, B REE ∝ α R n × k, where α R is the Rashba coefficient, k is the wave vector of the electron and n is the interface normal. The spin of the electron, σ, can thus precess around B REE , giving rise to a new component of spin, B REE ×σ.
Depending on whether this new spin component is parallel or antiparallel with the magnetization m, the electron gains different velocities in the FM, which leads to a net electric current flow in the x-direction, consistent with j R e in Fig. 1(a) . Alternatively, a transverse spin current flowing in the FM can also produce an electric current with the SGE-SR symmetry due to the spin swapping effect. The spin swapping effect is closely related to skew scattering 18 . As shown in Fig. 1(c) , when an electron with spin polarization in the x-direction flows in the z-direction, it can be scattered by an impurity center. In the rest frame of the electron, SOC gives rise to a scattering-path-dependent magnetic field, B SSW . The electron spin, which is orthogonal to B SSW , undergoes precession. The net effect is the generation of a new spin current, whose propagation direction and spin polarization are swapped from the injected spin current. Since the new spin current has polarization parallel or antiparallel with the magnetization, corresponding to majority or minority electrons in the FM, it also yields a net electric current flowing in the x-direction.
The spin swapping mechanism and the interface spin precession mechanism yield the same spin rotation symmetry, as described by Eq. (2). In both mechanisms, we expect the SGE-SR to occur on a very short length scale due to spin dephasing. Since the spin dephasing length of transverse spins has been found to be less than 1 nm in typical magnetic transition metals 19 , the SGE-SR can be treated as an interface effect.
In order to experimentally observe the SGE-SR, we use a spin valve structure consisting of two orthogonally magnetized layers as shown in Fig.2(a) . The multilayer film is fabricated by magnetron sputtering with the structure: Ta(3)/PML/Cu(4)/Py(2)/SiO 2 (4), where PML = Pt(3)/Co(0.6) is a perpendicularly magnetized layer, Py = Ni 80 Fe 20 and the thicknesses in parenthesis are in nanometers. By applying a perpendicular temperature gradient, the spin Seebeck effect 20 in one of the magnetic layer generates a spin current with spin polarization transverse to the other magnetic layer. An in-plane voltage can be measured in two configurations: the SGE-C configuration, namely the configuration sensitive to the anomalous Nernst effect, the inverse spin Hall effect and other possible SGE with the conventional spin Hall symmetry; and the SGE-SR configuration, where SGE-SR signals are the dominant signals.
The film is deposited on a precut silicon substrate slab with a 1µm thermal oxide surface layer and a lateral size of 2 mm × 20 mm. The measurement setup is shown in Fig.2(b) . The sample is placed in between Peltier elements , which are used to generate perpendicular temperature gradient across the sample. Thin aluminum blocks with embedded thermocouples are inserted between the sample and the Peltier elements to monitor the temperature and to enhance the uniformity of heat flow.The sample is attached to the top surface of bottom aluminum plate via a thin piece of Micro-faze thermal sheet. The bottom surface of the top aluminum plate is covered with Sil-pad from Bergquist company and then a thin Kapton tape to establish a uniform thermal contact while avoiding electric contact. The top aluminum plate is pressed against the sample by spring-loaded screws. The other sides of the Peltier elements are in contact with cooling blocks with circulating cooling water, which help regulate the temperature stability. The whole thermoelectric setup is placed in an electromagnet on a rotatable base, which can apply in-plane magnetic field in an arbitrary direction. There is also a 'z-magnet' on top of the thermoelectric setup, to generate a pulsed magnetic field in the out-of-plane direction, which initializes the magnetization of the PML to +z or −z directions.
Exemplary signals are shown in Fig. 2(c) . As in-plane magnetic field H ext sweeps, the voltage signal in the SGE-C configuration corresponds to the hysteresis of the Py layer. This SGE-C signal is independent to the PML magnetization m PML , as expected from the symmetry of the anomalous Nernst effect and the SGE-C described by Eq.(1). In the SGE-SR configuration,the voltage signal reverses sign when m PML reverses, consistent with Eq 2.The spikes at low field are due to the ANE because magnetization tilts away from the external magnetic field. It should be noted that even in the SGE-SR configuration, a small misalignment between the magnetic field and the voltage detection direction can result in contributions from the SGE-C signal. Therefore, we further isolate the SGE-C and SGE-SR signals by adding and subtracting the voltage signals measured when m PML is polarized in the +z or −z directions.
where ∆V SGE is the intercept difference between the voltage curves measured at positive and negative fields, as labeled in Fig. 2(c) . We varied the temperature difference across the sample. As shown in Fig. 2(d) , both the SGE-C and SGE-SR signals exhibit near linear dependence on the temperature difference ranging from 10 to 35 K.In the rest of the experiments, the temperature difference was kept near 30K, where the temperature of top and bottom Aluminum plates were about 40
• C and 10
• C, respectively.The temperature of the films is around room temperature.
Because both the PML and Py layers are magnetic and possess SOC, the SGE-SR signals should arise from two independent processes, as shown in Fig. 3(a) . In process I, the spin Seebeck effect in Py generates a spin current, which flows toward the PML. This spin current is polarized parallel with Py magnetization and hence perpendicular to the PML magnetization. The spin current generates a SGE-SR signal near the PML/Cu interface. Since the spin Seebeck effect in Py can be described by the drift-diffusion model 21 ,we expect this part of the SGE-SR signal to have an exponential-like dependence on the Py thickness with the characteristic length being the spin diffusion length in Py. In process II, the spin Seebeck effect in PML generates spin current, which flows toward the Py layer.This spin current is polarized parallel with PML magnetization, hence transverse to the Py magnetization. The spin current generates a SGE-SR signal near the Py/Cu interface. As discussed earlier, the SGE-SR can be treated as an interface effect due to the strong spin dephasing. Therefore, the SGE-SR signal due to process II should be nearly independent of the Py thickness.
Here we use the drift-diffusion model to simulate the SGE-SR due to process I. The spin Seebeck effect of Py drives a spin current flowing in the z-direction with spin polarization in the x-direction. The spin chemical poten- tial µ x and spin current Q x in Py due to the spin Seebeck effect can be expressed as
where λ, σ and P are the spin diffusion length, electric conductivity and spin polarization of Py, respectively.
dz is the spin current generated by the spin Seebeck effect in an infinitely thick sample, where S ↑ and S ↓ are the Seebeck coefficients for majority and minority spins, respectively, and T is the temperature.
Since the spin current must vanish at the Py/SiO 2 interface, and the spin current at the PML/Cu interface can be modeled by the magneto-electric circuit theory 23 , we calculate the spin current flowing into the PML to be
where d py and G ↑↓ are the Py thickness and the spin mixing conductance at the Co/Cu interface. Therefore,the SGE-SR voltage signal due to process I, ∆V I SGE−SR , can be expressed as ∆V
where θ R is the coefficient for the SGE-SR at the PML/Cu interface, l is the length of the sample, δ is the effective thickness of the PML that participates in the SGE-SR, R s is the square resistance of the entire film stack, and the factor of 4 arises from the definition in Eq.2. The total SGE-SR voltage signal normalized by the sheet resistance R s can be expressed as
We experimentally measured the SGE-C and SGE-SR voltage signals with various d py .The voltage signals normalized by the square resistance and temperature are plotted against d py , as shown in Fig. 3(b) and (c). The SGE-C signal exhibits monotonic increase with d.This is because a large portion of the SGE-C comes from the anomalous Nernst effect, which contributes more significantly as Py gets thicker. The SGE-SR signal starts at a positive value when Py is thin. As Py gets thicker, the SGE-SR signal crosses zero and eventually saturates at a negative value. Such a behavior can be explained by a unique case of Eq. 6,where process I (∆V Besides the spin diffusion length of Py, fitting to Eq. 6 can also give rise to Q 0 θ R δ to be (−4.5 ± 0.3) × 10 −5 2e A/m for ∆T= 30 K, where Q 0 relates to the spin Seebeck effect of the Py, and θ R δ describes the SGE-SR at the PML/Cu interface. While the temperature gradient can be consistently generated in our measurement, it is difficult to quantify the exact temperature gradient across the film due to unknown thermal contact resistance at various interfaces 27 .In our SGE-SR measurement, the temperature gradient ∇T can be calibrated by the SGE-C signals in samples with thick Py, which is dominated by the ANE of Py : ∇T = 14, 28 , this study can provide a unique tool to quantify the spin Seebeck effect in a metallic ferromagnetic material . Although longitudinal spin transport has been widely used to study the spin Seebeck effect from ferromagnetic insulators 29 , it is challenging to measure the spin Seebeck effect in metallic FM/NM bilayer with the same technique, due to the complication from the anomalous Nernst effect of the FM 30 . The measurement of the spin Seebeck effect in metallic FM has been realized by a lateral nonlocal spin transport technique 22 , which requires extensive nanolithography. In our measurement of the SGE-SR, no lithography is needed, and complication due to the anomalous Nernst effect is removed due to the unique symmetry.
In conclusion,we have demonstrated that the SGE-SR in a metallic spin valve is composed of two contributions, which can be separated by FM-thickness-dependent study.A spin diffusion length of 3.9 ± 0.2nm for Py is extrapolated. The SGE-SR may potentially be used for quantitative measurement of the spin Seebeck effect if the SGE-SR coefficients can be determined by an independent technique. This work is supported by the National Science Foundation under Grant Number ECCS-1738679, and by the DU PROF fund. W.S.A Would like to acknowledge support from Saudi Arabia Cultural Mission .
